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Summary 
C 1 1 ,  is explored experimentally as well as computationally for a NACA0012 airfoil 
with a "glaze ice accretion" at the leading edge. Experimentally, flow oscilla- 
tions are observed at low frequencies that correspond to a Strouhal number o f  about 
0.02. This occurs in the angle of attack range of 8" to 9 " ,  near the onset of 
static stall for this airfoil. With a Navier-Stokes computation, "limit-cycle" 
oscillations in the flow and in the aerodynamic forces are also observed at low 
Strouhal numbers. However, the occurrence o f  the oscillation is found to depend 
on the turbulence model in use as well as the Reynolds number. 
The unusually low frequency oscillation in the wake of an airfoil, studied in 
Nomenclature 
airfoil chord 
lift coefficient 
drag coefficient 
moment coefficient about 0.5~ 
Mach number 
shedding or oscillation frequency 
chord Reynolds number 
Strouhal number, fsc sina/Um 
one-dimensional, longitudinal velocity spectrum 
free-stream mean velocity 
angle of attack 
1 .  Introduction 
An unusually low frequency oscillation in the flow over a LRN(1>-1007 airfoil 
was studied experimentally as well as computationally in 1 1 1 ,  over the Rc range 
of 15x103 to 300~103. 
switching between stall and unstall around the onset of the static stall condition. 
The frequency was considered low as the corresponding Strouhal number, based on 
the cross-stream length scale and the free stream velocity, was only about 0.02, an 
order of magnitude lower than that experienced in the commonly observed bluff-body 
shedding (see also C21). 
remained unresolved, the measurements established that the phenomenon was indeed 
aerodynamic in origin. Any connection to a standing acoustic wave, structural res- 
onance or unsteadiness associated with the tunnel was ruled out. The flow oscilla- 
tions imparted very large unsteady forces to the airfoil. Thus, investigations 
leading to a clearer understanding of the phenomenon are well in order from the 
point of view of applications involving unsteady aerodynamic loads, e.g., in stall 
flutter o f  blades and wings. 
In 1 1 1 ,  unsteady oscillations were also observed computationally that had 
striking similarities with the experimental results. I n  an independent study [ 3 1 ,  
symptoms of the phenomenon were also encountered in a Navier-Stokes computation 
for the flow over a NACA0012 airfoil with "glaze ice accretion." A glaze ice 
accretion develops during flight conditions just below the freezing temperature. 
These shapes are typified by large "horns" (see the simulated shape in Figure l(b)). 
This led to a wind tunnel experiment with an airfoil model having the same cross- 
sectional shape as used in 131. Lift characteristics showed the onset of static 
stall around Q. =: 7" with this airfoil. Slightly above this a, wake oscillations 
were observed resulting in an unambiguous peak in the velocity spectra, although 
not as sharp as in the "LRN" airfoil case, at a Strouhal number of about 0.02! 
features of the phenomenon observed with the "LRN" airfoil are reviewed first. 
The experimental results obtained with the "iced" airfoil are then presented, fol- 
lowed by a discussion of limited computational results. A s  it will be observed, 
even though the computation seems to capture the essence of the phenomenon, the 
results vary widely depending on the turbulence model in u s e  and the Reynolds 
number. 
The phenomenon involved a naturally occurring periodic 
Even though the mechanism o f  frequency selection has 
The objective of the present paper i s  to summarize these results. Salient 
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2. Exper imenta l  Procedure  
The exper iments  were c a r r i e d  o u t  i n  a low speed wind t u n n e l  wh ich  has been 
d e s c r i b e d  i n  d e t a i l  e lsewhere  C1,43. F i g u r e  l ( a > '  i s  a pho tog raph  of t h e  t e s t  sec- 
t i o n  as s e t  up d u r i n g  a somewhat s i m i l a r  exper imen t  [41 .  The t e s t  s e c t i o n  i s  76  cm 
(w ide )  by  51 cm ( h i g h ) .  
da ta  were o b t a i n e d  u s i n g  a s m a l l e r  d r i v e  motor y i e l d i n g  a maximum speed of about  
10 m s - l .  
be r a i s e d  t o  about  0.4 p e r c e n t  b y  i n s e r t i n g  a 30-mesh screen about  21 cm ups t ream 
o f  t h e  a i r f o i l  s u p p o r t .  Two-dimensional a i r f o i l  models were used i n  t h e  e x p e r i -  
ment. Data from t h e  LRN(1>-1007 and a NACA0012 a i r f o i l  w i t h  s i m u l a t e d  " g l a z e  i c e  
shape" a t  t h e  l e a d i n g  edge a r e  p r e s e n t e d .  Bo th  a r e  o f  nomina l  cho rd  o f  12.7 cm 
and of aspec t  r a t i o  o f  about  6. These two a i r f o i l s ,  whose cross s e c t i o n s  a r e  
shown i n  F i g u r e  l ( b ) ,  a r e  r e f e r r e d  t o  s i m p l y  as t h e  "LRN" and t h e  " i c e d "  a i r f o i l s ,  
r e s p e c t i v e l y .  The photograph i n  F i g u r e  l ( a >  shows t h e  "LRN" a i r f o i l  mounted i n  
the  t u n n e l .  
The maximum speed i s  about  16 m s - l ,  however, some o f  t h e  
The f r e e - s t r e a m  t u r b u l e n c e  i n t e n s i t y  i s  l e s s  t h a n  0.1 p e r c e n t ,  b u t  c o u l d  
S tandard  h o t - w i r e  anemometry was used fo r  v e l o c i t y  measurements. A N i c o l e t  
660B a n a l y z e r  was used f o r  spec t rum a n a l y s i s .  There was p r o v i s i o n  f o r  a c o u s t i c  
e x c i t a t i o n  of  t h e  f low, and an automated a n g u l a r  p o s i t i o n i n g  d e v i c e  was used du r -  
i n g  t h e  measurement o f  t h e  l i f t  and t h e  d rag  [ 4 3 .  The a i r f o i l s  were suppor ted  a t  
b o t h  ends a t  mid-chord.  The c o o r d i n a t e  o r i g i n  i s  a t  t h e  a i r f o i l  m id-chord  and t h e  
and spanwise 
t h  r e s p e c t  to  
a x i s  o f  t h e  t e s t  s e c t i o n .  x ,  y and z denote  streamw 
c o o r d i n a t e s ,  r e s p e c t i v e l y .  The a n g l e  of i n c i d e n c e  a 
t h e  (dashed) cho rd  l i n e s  as shown i n  F i g u r e  l ( b ) .  
3 .  R e s u l t s  and D i s c u s s i o n  
se, v e r t i c a l  
s measured w 
3.1 Summary o f  r e s u l t s  o f  111: Key r e s u l t s  from [ l l ,  for  t h e  "LRN" a i r f o i l ,  
a r e  shown in F i g u r e s  2 t o  5. The wake v e l o c i t y  s p e c t r a  f o r  d i f f e r e n t  a a r e  shown 
i n  F i g u r e  2 .  A t  l a r g e  a s p e c t r a l  peaks a r e  observed a t  r e l a t i v e l y  h i g h e r  f r e -  
quenc ies  wh ich  cor respond t o  St ,  a 0 .2 .  T h i s  i s  due t o  t h e  f a m i l i a r  b lu f f -body  
shedding i n v o l v i n g  t h e  asymmetr ic K i rman v o r t e x  s t r e e t .  
s t a l l ,  however, a t  about  a = 15" i n  t h i s  case, t h e  low f r e q u e n c y  o s c i l l a t i o n  i s  
observed, t h e  c o r r e s p o n d i n g  St, b e i n g  an o r d e r  o f  magn i tude l o w e r .  I t  i s  t h i s  
low S t s  o s c i l l a t i o n  -- i t s  o r i g i n ,  s i g n i f i c a n c e  as w e l l  as i t s  c o n t r a s t  t o  the  
b lu f f -body  shedd ing  -- t h a t  has been addressed i n  [ll. 
Around t h e  o n s e t  o f  s t a t i c  
The 
and sens 
occu r rence  o f  t h e  low St ,  osc 
t i v e  t o  ambient c o n d i t i o n s .  Th 
l l a t i o n  was found  t o  be r a t h e r  i l l u s i v e  
s i s  d e l i n e a t e d  by t h e  d a t a  i n  F i g u r e s  3 
3 
and 4 .  The lower  p a i r  o f  s p e c t r a  i n  F i g u r e  3 shows t h a t  w i t h  t h e  normal t u n n e l  
o p e r a t i o n  y i e l d i n g  a t u r b u l e n c e  i n t e n s i t y  o f  about  0.1 p e r c e n t ,  t h e  p e r i o d i c  o s c i l -  
l a t i o n  does n o t  t a k e  p l a c e ;  however, i t  does when t h e  f r e e - s t r e a m  t u r b u l e n c e  i s  
r a i s e d  w i t h  t h e  h e l p  o f  t h e  screen i n s e r t e d  upstream o f  t h e  t e s t  s e c t i o n .  Note 
t h a t  t he  o s c i l l a t i o n  was observed p r e v i o u s l y  i n  a Lang ley  t u n n e l  i n  wh ich  t h e  f r e e -  
s t ream t u r b u l e n c e  was a l s o  h i g h e r  -- about  0 .25  p e r c e n t  [ 21 .  
s p e c t r a  i n  F i g u r e  3 demonst ra te  t h a t  t h e  low f requency  o s c i l l a t i o n  can a l s o  be p r e -  
c i p i t a t e d  i f  a c o u s t i c  e x c i t a t i o n  i n  a c e r t a i n  h i g h  f requency  range i s  a p p l i e d .  
On the  o t h e r  hand, when t h e  o s c i l l a t i o n  takes  p l a c e  n a t u r a l l y ,  e . g . ,  i n  the  
flow w i t h  t h e  h i g h e r  f r e e - s t r e a m  t u r b u l e n c e ,  a c o u s t i c  e x c i t a t i o n  i n  a r e l a t i v e l y  
h i g h e r  f requency  range i s  found t o  e l i m i n a t e  i t .  An example i s  shown by  t h e  p a i r  
o f  s p e c t r a  i n  F i g u r e  4. The ranges o f  e x c i t a t i o n  f r e q u e n c y  augment ing or suppress- 
i n g  the  S t S  z 0.02 o s c i l l a t i o n  have been documented f o r  v a r i o u s  c o n d i t i o n s  i n  
C11. The h i g h e r  f r e q u e n c y  e x c i t a t i o n  p r o d u c i n g  t h e  suppress ion  e f f e c t  shown i n  
F i g u r e  4 appears to  i n v o l v e  " a c o u s t i c  t r i p p i n g "  o f  t h e  s e p a r a t i n g  boundary l a y e r .  
I t  i s  c o n j e c t u r e d  t h a t  t h e  boundary l a y e r  around t h e  r e g i o n  of s e p a r a t i o n  i s  
t u r n e d  fully t u r b u l e n t  by  t h e  a c o u s t i c  e x c i t a t i o n  -- i n  wh ich  case t h e  low f r e -  
quency o s c i l l a t i o n  does n o t  t a k e  p l a c e .  Thus, on  t h e  one hand t h e  phenomenon does 
n o t  s e e m  t o  t a k e  p l a c e  i n  c l e a n  flows y i e l d i n g  l a m i n a r  boundary l a y e r s ,  w h i l e  on 
t h e  o t h e r ,  i t  a l s o  d i sappears  when t h e  s e p a r a t i n g  boundary l a y e r  i s  f u l l y  t u r b u -  
l e n t .  The re fo re ,  a c e r t a i n  t r a n s i t i o n a l  s t a t e  near  t h e  s e p a r a t i o n  r e g i o n  seems t o  
be a r e q u i s i t e  f o r  t h e  low f requency  o s c i l l a t i o n  t o  t a k e  p l a c e  C11. 
Also i n c l u d e d  i n  C 1 3  a r e  t h e  compu ta t i ona l  r e s u l t s  f o r  t h e  " L R N "  a i r f o i l .  
C . L .  Rumsey had p r e v i o u s l y  observed a s i m i l a r  low f requency  o s c i l l a t i o n  computa- 
t i o n a l l y  for  a NACA0012 a i r f o i l  a t  a = 18" [ S I .  The compu ta t i ons  were then  c a r -  
r i e d  o u t  f o r  t h e  Reynolds number and a i r f o i l  shape as i n  t h e  exper imen t .  The 
r e s u l t s  were found t o  c a p t u r e  t h e  e s s e n t i a l  f e a t u r e s  o f  t h e  e x p e r i m e n t a l  observa-  
t i o n .  The computed flow f i e l d  agreed i n  o v e r a l l  f e a t u r e s  w i t h  c o r r e s p o n d i n g  
The upper p a i r  o f  
exper imen ta l  r e s u l t s ,  as shown i n  F i g u r e  5. D e s p i t e  t h e  d i f f e r e n c e  
S t r o u h a l  number, t h e  amp l i t udes  and t h e  d e t a i l s  o f  t h e  f l u c t u a t i o n s  
have c l o s e  s i m i l a r i t i e s .  Aspects o f  Rumsey's compu ta t i on  w i l l  be d 
t h e r  i n  the  f o l l o w i n g .  
measurements. The computed f o r c e  f l u c t u a t i o n s  a l s o  agreed g e n e r a l l y  w i t h  t h e  
i n  t h e  
a r e  found  t o  
scussed f u r -  
3 . 2  P resen t  exper imen ta l  r e s u l t s :  For comparison w i t h  t h e  " i c e d "  a i r f o i l ,  t h e  
1 5 "  ( w i t h i n  a nar row range o f  a) where t h e  f o r c e s  and t h e  moment go t h r o u g h  a 
l a r g e  change due t o  s t a l l .  
I n  comparison t o  t h e  "LRN" a i r f o i l ,  t h e  s t a l l  o c c u r r e d  a t  a much lower  ang le  of 
a t t a c k  o f  about  7 " .  No h y s t e r e s i s  was observed around t h e  s t a l l  a n g l e .  I t  i s  
s l i g h t l y  above t h i s  a where t h i s  a i r f o i l  e x h i b i t e d  a s i m i l a r  low f requency  
o s c i l l a t i o n .  
Wake v e l o c i t y  s p e c t r a  s i m i l a r  t o  those  i n  F i g u r e  2 a r e  p r e s e n t e d  i n  f i g u r e  8 
for the  " i c e d "  a i r f o i l .  The o s c i l l a t i o n  i s  observed t o  o c c u r  around t h e  a-range 
of  8 "  t o  9" .  Note t h a t  i n  t h i s  case t h e  s p e c t r a l  peak i s  n o t  as sha rp  as i n  t h e  
"LRN" a i r f o i l  case, b u t  t h e  tendency towards an o s c i l l a t i o n  around S t s  = 0.02 i s  
unambiguous. The o s c i l l a t i o n  a t  t h r e e  d i f f e r e n t  Reynolds numbers a t  a = 8.5"  i s  
documented i n  F i g u r e  9 .  
i n  t h e  t u n n e l .  
Cor respond ing  aerodynamic d a t a  f o r  t h e  " i c e d "  a i r f o i l  a r e  shown i n  F i g u r e  7 .  
R c  = 1 . 2 5 ~ 1 0 5  cor responds t o  t h e  h i g h e s t  speed o b t a i n a b l e  
The e f f e c t  o f  a c o u s t i c  e x c i t a t i o n  on  t h e  low f requency  o s c i l l a t i o n  o v e r  t h e  
" i c e d "  a i r f o i l  was b r i e f l y  s t u d i e d  i n  t h e  p r e s e n t  exper imen t .  
t o  augment t h e  o s c i l l a t i o n  as i n  t h e  "LRN" a i r f o i l  case ( F i g u r e  3). However, t h e  
s p e c t r a l  peak c o u l d  n o t  be made much sha rpe r  under t h e  a c o u s t i c  e x c i t a t i o n .  
I n c r e a s i n g  t h e  f r e e - s t r e a m  t u r b u l e n c e  w i t h  t h e  screen a l s o  d i d  n o t  make a s i g n i f i -  
An a t t e m p t  was made 
c a n t  d i f f e r e n c e .  However, t h e  suppress ion  o f  t h e  low f requency  o s c i l  
shown i n  F i g u r e  4 for t h e  "LRN" a i r f o i l ,  c o u l d  be ach ieved .  An examp 
i n  F i g u r e  10. 
The d a t a  i n  F i g u r e s  7 t o  10 l e a d  us t o  b e l i e v e  t h a t  t h e  o s c i l l a t  
p l a c e  around a z 8.5"  w i t h  t h e  " i c e d "  a i r f o i l  i s  m o r p h o l o g i c a l l y  t h e  
a t i o n ,  as 
e i s  shown 
on t a k i n g  
same as t h a t  
s t u d i e d  i n  C11. The d i f f e r e n c e s  observed w i t h  r e s p e c t  t o  t h e  e f f e c t  o f  a c o u s t i c  
e x c i t a t i o n  a r e  n o t  s u r p r i s i n g  and r e i n f o r c e s  t h e  n o t i o n  t h a t  t h e  phenomenon i s  
v e r y  s e n s i t i v e  t o  ambien t  p e r t u r b a t i o n s  a f f e c t i n g  t h e  s t a t e  o f  t h e  s e p a r a t i n g  
boundary l a y e r .  
i t i n g  " t r a i l i n g  edge s t a l l "  or " l e a d i n g  edge s t a l l  accompanied by a s e p a r a t i o n  
b u b b l e " ,  b u t  n o t  w i t h  ones e x h i b i t i n g  t h e  " a b r u p t  l e a d i n g  edge s t a l l " .  The compu- 
t a t i o n s  and exper imen ts  suggest  t h a t  t h e  " i ced ' "  a i r f o i l  be long  t o  t h e  second o f  
t h e  a fo rement ioned s t a l l  c a t e g o r i e s  ( l e a d i n g  edge s t a l l  accompanied by a separa- 
t i o n  b u b b l e ) ,  t hus ,  c o r r o b o r a t i n g  t h e  above o b s e r v a t i o n .  Note t h a t  t h e  "LRN" a i r -  
f o i l  i s  a b o r d e r l i n e  case between t h e  f i r s t  and t h e  second c a t e g o r i e s  o f  s t a l l .  
An Wortman a i r f o i l ,  on t h e  o t h e r  hand, i s  c l e a r l y  c h a r a c t e r i z e d  by  t h e  t h i r d  ca te -  
g o r y  of s t a l l ,  and t h u s ,  does n o t  e x h i b i t  t h e  low f requency  o s c i l l a t i o n  Ell. 
I t  was observed i n  [ 1 1  t h a t  t h e  phenomenon seems t o  o c c u r  w i t h  a i r f o i l s  e x h i b -  
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3.3 Similar observations by others: It appears that the low frequency oscil- 
lation phenomenon has gone practically unrecognized over the several decades of 
airfoil research. To our knowledge, there are only a few references in the litera- 
ture regarding similar observations. B . M .  Jones (1934; see C 1 3 )  and Farren (1935; 
161) apparently encountered the phenomenon. Figure ll(a> reproduces the essential 
feature of Farren's data in this connection. Farren was actually developing a 
fast response balance and experimenting with oscillating airfoils. In his report, 
also included was the normal force variation with time for a R.A.F. 28 airfoil 
held fixed at a = 14". This airfoil was previously observed by B.M. Jones to 
undergo violent fluctuations near stalling conditions. 
oscillation (Figure ll(a>) was observed by Farren to correspond t o  13 chords of 
travel. This converts to Sts = 0.019. 
At NASA Lewis there is a research program addressing the problem of airfoil 
leading edge ice accretion and its remedies. The program includes computation and 
experiments on the aerodynamic characteristics of such airfoil sections both 
in-house and under g r a n t s .  Bragg and Khodadoust C71, under a grant, obtained wind 
tunnel data on the aerodynamic characteristics of a NACA0012 airfoil with simulated 
ice shapes. Recently, for a "glaze ice" shape, (same as in the present study), 
they also observed a low frequency flow oscillation. Figure 22 of their paper is 
reproduced as Figure ll(b). The data represent u'-spectrum measured near the 
upper edge of the shear layer, shortly downstream of the "ice horn", for a = 6 " .  
(Note that "a = 4"" quoted in their paper is measured with respect to the chord of 
the basic NACA0012 airfoil. CL, measured with respect to the chord as shown i 8 i  
Figure l(b), is about 2" larger). There i s  a clear peak in the spectrum, and this 
corresponds to Sts = 0.016. The authors did not find such spectral peak at other 
locations over the airfoil and, therefore, commented that it should represent a 
local shedding from the ice horn and not a global bubble oscillation. However, 
their observations were preliminary, and it would appear that the same phenomenon, 
as addressed here, has been encountered by them. Their data, however, represent a 
significantly higher 
characteristic of low Reynolds number airfoils only. Other relevant observations 
in the literature, including the characteristic frequencies in dynamic stall and 
stall flutter. have been discussed in [ll. 
The average period of 
Rc of 1.5x106, indicating that the phenomenon may not be 
3.4 Computational result: A two-dimensional Navier-Stokes code coupled with 
a C-mesh grid generation code was used for the computations, the details of which 
can be found in C33. A "modified mixing length" (MML) turbulence model was used 
6 
i n  t h e  computa t ion .  An uns teady  f low w i t h  " p e r i o d i c  v o r t e x  shedding"  was no ted  
around a = 8 " .  The l i f t  c o e f f i c i e n t  v a r i a t i o n  w i t h  t i m e ,  computed f o r  t h e  same 
f low c o n d i t i o n s  o f  C31, i s  shown i n  F i g u r e  1 2 ( a > .  S i m i l a r i t i e s  can be observed 
w i t h  t h e  C1 v a r i a t i o n  fo r  t h e  "LRN" a i r f o i l  ( F i g u r e  5 ) .  However, when t h e  Ba ld-  
win-Lomax t u r b u l e n c e  model was used i n  t h e  p r e s e n t  computa t ion  t h e  o s c i l l a t i o n s  
damped o u t  i n  t h e  r e s u l t a n t  f low f i e l d .  T h i s  i s  shown i n  F i g u r e  12 (b ) .  
quency o s c i l l a t i o n  f o r  t h e  "LRN" a i r f o i l  ( F i g u r e  S ) ,  t h e  Baldwin-Lomax t u r b u l e n c e  
Here, l e t  us  n o t e  t h a t  i n  t h e  computa t ions  by Rumsey t h a t  r e s u l t e d  i n  low f r e -  
model was used. Rumsey [SI a l s o  observed s i m i l a r  low f requency  osc 
NACA0012 a i r f o i l  a t  a = 18" and R c  = l o6 .  
The a l g o r i t h m s  used i n  [31 and C51 a r e  b a s i c a l l y  s i m i l a r .  The 
a l g e b r a i c  t u r b u l e n c e  model which a t t e m p t s  t o  a v o i d  some of t h e  d i f f  
t e r e d  w i t h  Baldwin-Lomax t u r b u l e n c e  model when a p p l i e d  t o  separa ted  
l l a t i o n s  f o r  a 
"MML" i s  an 
c u l  t i e s  encoun- 
f lows. 
D e t a i l s  o f  t h e  model w i l l  be d i scussed  i n  t h e  second a u t h o r ' s  d i s s e r t a t i o n ,  which 
i s  f o r thcoming .  
models a r e  q u i t e  d i f f e r e n t .  T y p i c a l l y ,  t h e  "MML" model o b t a i n s  p t / p l  va lues  on 
t h e  o r d e r  o f  103 w h i l e  i n  a comparable f low t h e  Baldwin-Lomax model o b t a i n s  va lues  
on the  o r d e r  o f  104, where i s  t h e  l am ina r  v i s c o s i t y .  I t  i s  p robab le  t h a t  t h e  
" t r a n s i t i o n a l  s t a t e "  o f  t h e  s e p a r a t i n g  boundary l a y e r ,  c o n j e c t u r e d  i n  C11 t o  be 
necessary t o  produce t h e  low f requency  o s c i l l a t i o n ,  may be c h a r a c t e r i z e d  by c e r t a i n  
va lues  o f  t h e  r a t i o  p t / p l .  However, a sys temat i c  t r e n d  i s  f a r  from c l e a r  a t  t h i s  
p o i n t  and w i l l  r e q u i r e  f u r t h e r  i n v e s t i g a t i o n .  
The computa t ions  were a l s o  c a r r i e d  o u t  f o r  t h e  " i c e d "  a i r f o i l ,  a t  01 = 9 " ,  
R c  = l o 5  and M = 0.10, to  a p p r o x i m a t e l y  match t h e  p r e s e n t  exper imen ta l  cond i -  
t i o n s .  The r e s u l t s  have added f u r t h e r  t o  t h e  c o n f u s i o n .  The "MML" turbulence 
model,  which y i e l d e d  t h e  o s c i l l a t i o n  a t  t h e  h i g h e r  R, r e s u l t e d  i n  damped o s c i l l a -  
t i o n s .  The co r respond ing  C1 v a r i a t i o n  i s  shown i n  F i g u r e  1 3 ( b > .  On t h e  o t h e r  
hand, when t h e  f low was assumed l a m i n a r  for  t h i s  case, t h e  computa t ion  y i e l d e d  a 
low f requency  o s c i l l a t i o n !  T h i s  i s  shown i n  F i g u r e  1 3 ( a ) .  The S t s  va lues  corre- 
sponding t o  t h e  o s c i l l a t i o n s  i n  F i g u r e s  12(a> and 13 (a>  t u r n  o u t  t o  be about  0.011 
and 0.008, r e s p e c t i v e l y .  L e t  us n o t e ,  f o r  compar ison,  t h a t  Rumsey's Computat ion 
for bo th  a i r f o i l s  ("LRN" and NACA0012) y i e l d e d  an S t ,  =: 0.03. The exper imen ta l  
and t h e  compu ta t i ona l  r e s u l t s  a r e  summarized i n  Tables 1 and 2 ,  r e s p e c t i v e l y .  
The " t u r b u l e n t  v i s c o s i t y "  ( p t )  o b t a i n e d  from t h e  two t u r b u l e n c e  
p i  
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4.  Conc lud ing  Remarks 
The exper imen ta l  ev idence  ga the red  i n  t h i s  paper suggest t h a t  t he  low f r e -  
quency o s c i l l a t i o n  may indeed be a f r e q u e n t  o c c u r r e n c e  w i t h  v a r i o u s  a i r f o i l s .  I t s  
occu r rence  w i t h  " g l a z e  i c e  a c c r e t i o n "  i s  c e r t a i n l y  a p o s s i b i l i t y .  Thus, t h e  l ead -  
i n g  edge i c e  a c c r e t i o n  may n o t  o n l y  be d e t r i m e n t a l  f o r  aerodynamic performance b u t  
shou ld  a l s o  be o f  concern  i n  terms o f  l a r g e  uns teady  loads  a s s o c i a t e d  w i t h  t h e  phe- 
nomenon. The phenomenon, however, occu rs  i n  a nar row range o f  ang le  o f  a t t a c k  
around t h e  o n s e t  o f  s t a t i c  s t a l l .  The a c o u s t i c  e x c i t a t i o n  e f f e c t  r e s u l t s  a l s o  sug- 
g e s t  a p o s s i b l e  remedy, wh ich  needs t o  be e x p l o r e d  f u r t h e r .  The accumulated exper -  
i m e n t a l  ev idence p o i n t s  towards  a S t r o u h a l  number o f  about  0.02 a s s o c i a t e d  w i t h  
t h e  phenomenon, a l t h o u g h  t h e r e  a r e  s c a t t e r  i n  t h e  d a t a .  Wi th  r e s p e c t  t o  t h e  compu- 
t a t i o n s ,  q u e s t i o n s  rema in  i n  t h e  a p p l i c a t i o n  o f  t u r b u l e n c e  models t o  separa ted  
f lows.  N e v e r t h e l e s s ,  i t  i s  f e l t  t h a t  t h e  essence o f  t h e  phenomenon can be c a p t u r e d  
c o m p u t a t i o n a l l y  w i t h  c e r t a i n  comb ina t ions  o f  t u r b u l e n c e  model, Reynolds number and 
a i r f o i l  shape. O b v i o u s l y ,  a d e t a i l e d  compu ta t i ona l  s t u d y  i s  i n  o r d e r  n o t  o n l y  t o  
e x p l o r e  t h e  v a l i d i t y  o f  t h e  a l g o r i t h m s  b u t  a l s o  t o  shed l i g h t  i n t o  the  s t i l l  unre-  
so l ved  mechanism o f  t h i s  c u r i o u s  phenomenon. 
References :  
[ l l  " A  n a t u r a l  low f r e q u e n c y  o s c i l l a t i o n  o f  t h e  f l ow  o v e r  an a i r f o i l  near  s t a l l i n g  
c o n d i t i o n s " ,  K.B.M.Q.  Zaman, D.J. McK inz ie  and C . L .  Rumsey, J .  F l u i d  Mech., 202, 
pp. 403-442, 1989. 
121 " E f f e c t  o f  a c o u s t i c  e x c i t a t i o n  on  t h e  f low o v e r  a low-Re a i r f o i l " ,  K.B.M.Q. 
Zaman, A .  Bar-Sever and S .  M .  Mangalam, J .  F l u i d  Mech., 182, pp. 127-148, 1987. 
[31 "Numer ica l  a n a l y s i s  o f  a NACA0012 a i r f o i l  w i t h  l e a d i n g  edge i c e  a c c r e t i o n s " ,  
M . G .  Potapczuk, A I A A  Paper No. 87-0101, 1987. 
[ 4 1  " C o n t r o l  o f  "Laminar S e p a r a t i o n "  o v e r  A i r f o i l s  by A c o u s t i c  E x c i t a t i o n " ,  
K . B . M . Q .  Zaman and D.J. McK inz ie ,  A I A A  Paper No. 89-0565, 1989. 
[SI " A  computat  
geomet r ies  a t  h 
ona l  a n a l y s i s  o f  f l ow  s e p a r a t i o n  over f i v e  d i f f e r e n t  a i r f o i l  
gh a n g l e s - o f - a t t a c k " ,  C .L .  Rumsey, A I A A  Paper No. 87-0188, 1987. 
8 
E61 "The r e a c t i o n  on a w ing  whose ang le  o f  i n c i d e n c e  i s  chang ing  r a p i d l y .  Wind 
t u n n e l  exper imen t  w i th  a s h o r t  p e r i o d  r e c o r d i n g  b a l a n c e " ,  W.S. Fa r ren ,  Repor t  & 
Memorandum 1648, A e r o n a u t i c s  L a b o r a t o r y ,  Cambridge, 1935. 
Refer-  
ence 
R.A.F.28 14 100 15.2 0.019 [ 6 1  
'I LRN" 15 40 to  140 10.2 0 .02  [ 2 1  
"LRN" 17 15 to  25 7.3 0.025 [ll 
"LRN" 15 50 to  150 12.7 0.02 [ll 
"LRN" 16 100 t o  300 25.4 0.033T r11 
NACA0012 14  7 0  10.2 0.022 [ll 
( w / t r i  p )  
Wortman 15 50 to  150 12.7 Damped [11 
I' I ced I' 6 1500 55 0.01 6 C71 
I' I ced I' 
A i  r f o i  1 a R c x  10-3 c ,  S t S  
cm 
P r e s e n t  I 
I 
8.5 75 t o  125 12.7 0.02 
I I I , 
C71 "Exper imen ta l  measurements i n  a l a r g e  s e p a r a t i o n  bubb le  due t o  a s i m u l a t e d  
g l a z e  i c e  a c c r e t i o n " ,  M.B. Bragg and A .  Khodadoust, A I A A  Paper No. 88-0116, 1988. 
A i  r f o i  1 a Turbu lence Rcx10-3 M 
mode 1 
S t  S 
I I I I I I I 
~ Re fe rence 
?Higher mean v e l o c i t y  due t o  l a r g e  b lockage  may have 
r e s u l t e d  i n  h i g h e r  St,. 
Baldwin-Lomax 
Lami n a r  
Ba l  dwi n-Lomax 
Baldwin-Lomax 
Ba l  dwi n-Lomax 
MM L 
1000 0.3 0.03 
1000 0 . 3  0.16 
75 0 .3  0 .03  
75 0 . 3  Damped 
1400 0.12 Damped 
1400 0 .12  0.011 
Wor tmann 
'I I ced 10 
I c e d "  10 
'I I ced 
I' I c ed I' 
9 MM L 100 0.10 Damped 
9 Lami n a r  100 0.10 0.008 
[ 5 1  
r 5 1  
c11 
[ l l  
P r e s e n t  
P r e s e n t  
and [ 3 1  
P r e s e n t  
P r e s e n t  
9 
FIGURE l a .  - WIND TUNNEL TEST SECTION. FIGURE I b .  - AIRFOIL CROSS-SECTIONS. UPPER: 
LRN(1)-1007, LOWER: NACA0012 WITH 'GLAZE 
ICE ACCRETION'. 
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